Genetic engineering of large mammals is critical for the development of improved biomedical models, pharmaceutical research, and implementation of novel traits in animal breeding (1, 2) . Recently, the generation of transgenic pigs with systemic expression of vital f luorophore markers has found widespread interest (3) (4) (5) (6) (7) (8) (9) (10) (11) , e.g., for improving gene transfer technologies in pigs (3, 5, (7) (8) (9) 11) , for transplantation studies (4, 10) , for testing the functionality of multicistronic transgene constructs (2) , and for visualizing epigenetic phenomena during spermatogenesis and fertilization (6) .
Southern blotting and PCR are routinely used for genotyping transgenic founders or screening their offspring. Both methods rely on genomic DNA isolated from ear or blood samples. Sampling of ear biopsies or blood is associated with stress and discomfort for the animals. Expression of transgenic fluorophore markers can be visualized by specific excitation light in the skin of live animals, but conditions in most animal quarters do not provide lighting for quantitative f luorimetric visualization. Here, we developed and validated a non-invasive method based on quantitative measurement of fluorescence intensities of hair samples. This method is compatible with rapid and reproducible genotyping, and does not require removal of hair roots (12) . Hair sampling causes minimal to no stress to the animals. Processing and evaluation of the hair samples can be done in less than one hour (compared with one day for PCR or 2-3 days for a Southern blot).
As a proof-of-principle, hair samples were collected from an established Venus transgenic mouse line generated by cytoplasmic injection of transposon plasmids into zygotes (13, 14) . [Animals were maintained and handled according to the German laws for animal welfare and the German law regarding genetically modified organisms. ExperiExperiments were approved by an external ethics committee (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, AZ 33.9-42502-04-09/1718).]
Venus is an improved variant of the enhanced yellow f luorescent protein (EYFP), and is characterized by faster maturation at 37°C, increased tolerance to low pH conditions, improved refolding after denaturation, and stronger relative fluorescence (15) . The monomeric Venus transposon integration was transmitted through the germ line according to Mendelian rules. Breeding of hemizygous transgenic animals resulted in wildtype, hemizygous, and homozygous offspring in the expected ratio of 1:2:1 (14) . Samples of 10-50 hairs were collected from littermates with the three different genotypes. The hair samples were placed side by side under a stereomicroscope equipped with epif luorescence optics (Olympus SZX16, Hamburg, Germany), a SDF PLAPO 1.6x PFX objective, and a high resolution digital camera (Olympus DP72). Here we describe a non-invasive method for rapid and highly reproducible genotyping of transgenic mammals with ubiquitous expression of fluorophore reporters. Hair samples from transgenic mice and pigs with systemic expression of the fluorophore reporter Venus were analyzed with a fluorescence microscope in few minutes. The hair samples can be preserved for long-term storage at ambient temperature conditions. This non-invasive method is useful for genotyping of transgenic large animals and contributes to animal welfare by reducing stress and discomfort of the animals during sample collection.
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Benchmarks
Method summary:
Here we report a non-invasive method to genotype transgenic mammals expressing fluorophore markers using fluorescence microscopy on hair samples. Quantitative assessment is also possible using this technique, enabling rapid differentiation of hemizygous and homozygous status. Fluorescence properties of the Venus fluorophore, incorporated into mammalian hair, were fully maintained during long-term storage. homozygous genotypes ( Figure 1 ; two replicates; n = 6). Presumably, Venus protein is produced in keratinocytes and the protein is deposited in the proliferative zone (Figure 2 ) of the hair follicle during terminal differentiation of keratinocytes to cornified keratinocytes.
Next, the suitability of this non-invasive method for the analysis of hair from transgenic pigs was assessed. Hair samples were collected from littermates of the F1 and F2 generations, and of cloned Venus-transposon transgenic animals, (5) and analyzed as described above (Figure 2 A-C) . A direct positive correlation of the fluorescence intensity in porcine hair and the respective genotype was determined by Southern blotting (Figure 2) . In three replicates a total of 31 hair samples were analyzed. Ideally, hair samples should be collected from littermates or age-matched animals. Fluorescence intensity of porcine hair showed a greater variation than those of their murine counterparts, most likely due to greater variation in diameter. Within longitudinal sections only minor variations of fluorescence intensity were found ( Figure 2D ).
When porcine hair samples were exposed for extended periods to maximum specific excitation (fluorescence bulb: EXFO; X-Cite Series 120Q, 100W), Venus fluorescence intensity was reduced by only 25 -30% over a period of 4 h ( Figure 2E ; 3 replicates, n = 18). Over a storage period of three month at room temperature in the dark, Venus f luorescence was maintained in transgenic hair at the same intensity without the addition of any preservatives (not shown). Thus long-term preservation and re-analysis of hairs is possible at different time points after sampling. To directly confirm the presence of Venus protein, hair samples were extracted and separated by SDS-PAGE (16) . Western blotting with a polyclonal anti-EGFP antibody (Fisher Scientific, Schwerte, Germany) revealed a specific ~30 kD protein band indicating the Venus protein in extracts of transgenic hair samples ( Figure 2F ). Venus and EGFP are 97% identical at the amino acid sequence.
In summary, we report a rapid non-invasive method for genotyping that complements and extends the available molecular methods for genotyping. We showed that transgenic mammals with ubiquitous Venus expression can be discriminated from wildtype animals and that a quantitative assessment of hemizygous versus homozygous status is possible. In more complex transgenic scenarios, such as concatemeric insertions or integrations in differently permissive loci, hair genotyping may reach its limits. The Venus protein was found to be deposited in mammalian hair and, importantly, the f luorescent properties seemed to be fully maintained in this extracellular environment. Major advantages of hair genotyping are its applicability to field conditions and the possibility for long-term sample preservation at low costs. The method allows screening of large sample numbers in a medium-throughput manner. Repetitive sampling and analyses are possible, enabling assessment of the effects of environmental conditions, feeding, or aging on transgene expression. Hair analysis might be useful for assessing conditional transgene regulation in transgenic large mammals bearing promoter constructs, which are responsive to exogenously supplied small molecules, such as tetracycline derivatives (17, 18) . Of course, this does require additional genetic modifications. Farm animals easily get used to hair sampling, which avoids injuries and discomfort. It is assumed that this methodology can be translated to transgenic models in other mammalian species (17, 19) and possibly to feathers of transgenic birds. 
